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ABSTRACT

This report covers in detail the solid state research work of the Solid
State Division at Lincoln Laboratory for the period 1 November 1976
through 31 January 1977. The topics covered are Solid State Device
Research, Quantum Electronics, Materials Research, Microelectronics,
and Surface-Wave Technology. Funding is primarily provided by the
Air Force, with additional support provided by the Army, ARPA, NSF,
and ERDA.
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INTRODUCTION

1. SOLID STATE DEVICE RESEARCH

By using a commercial PbSnSe diode laser operated in a cryogenic closed-cycle
cooler and a state-of-the-art HgCdTe photodiode, high-resolution absorption spec-
tra of ethylene were obtained by heterodyne radiometry. The observed signal-to-
noise ratio obtained with the diodelaser L.O and a blackbody source was only about a
factor of 2 less than the best S/N obtained using a CO2 laser LLO. The latter was
about 45 percent of the theoretical limit for an ideal heterodyne receiver. The
diode laser driven by a moderately regulated power supply was found to have a
100-kHz instantaneous linewidth.

CW operation has been achieved in distributed-feedback PbSnTe stripe-geometry
double-heterostructure diode lasers grown by molecular-beam epitaxy. The la-
sers emit near A =~ 12.5 um for heat-sink temperatures between 12 and 50 K, and
single-mode operation is obtained for large variations in diode current and heat-
sink temperature. Also, continuous current-tuning of the mode frequency over a
7-cm ™ *-wide band is observed.

II. QUANTUM ELECTRONICS

Grating tuning of the output of the HBr-pumped 16-pm CO2 laser has been accom-
plished. With the tuned cavity, experiments elucidating the kinetics of this laser
medium have been performed. In addition, 1/3 mJ of energy in a single pulse

was obtained.

Studies of the vibrational kinetics of simple liquids have been extended with the in-
vestigation of CH3F and SF6 kinetics in liquid Ar and O, hosts by means of satura-
tion techniques. For CH3F, a simple saturation behavior with a 150 + 50-nsec
V-T decay time was found. SF6 exhibits a more complex behavior due to excited-
state absorption processes: rate limiting steps of 54 £ 15 psec in liquid OZ' and
320 + 80 psec in liquid Ar were found. The implications of the molecular spectros-
copy in the cryogenic liquid environment for the modeling of vibrational energy flow
within these molecules have been considered.

Acoustic spectrophone measurements of the absorption of -pulsed CO2 laser radia-
tion by cooled and room-temperature SF6 have been made in order to study multi-
photon absorption processes in polyatomic molecules. The absorption shows a
strong dependence on laser frequency, laser energy, and temperature.

III. MATERIALS RESEARCH

A technique has been developed for the fabrication of thin, corrugated, stabilized-
zirconia disks that could be used as membranes for oxygen-ion transport in high-

temperature electrolysis cells. A slurry of zirconia in an organic solvent is




spread on a glass plate to form a rubbery "green sheet," which is then deformed
to the desired shape, fired at 1600°C in air, and finally fired at 2200°C in a reduc-
ing atmosphere to give a high-density, translucent ceramic.

The role of semiconductor surface states in the photoelectrolysis of water is being
investigated by means of in situ photoresponse measurements on SrTiO3 electrodes
in photoelectrochemical cells. Photons with below-bandgap energies excite photo-
currents with long time constants (of the order of minutes) that are associated with
the reduction of O, by electrons transferred from the surface states of SrTiO4 to
the conduction band.

Thin films of Sn-doped In203, which can be used as heat mirrors for solar collec-
tors and as transparent electrodes for solar cells, have been studied by x-ray
photoemission spectroscopy in an attempt to understand the factors determining
their electrical and optical properties. The photoemission data suggest that dark-
ening of such films, which seriously reduces their usefulness, is due to formation

of an Sn304-1ike second phase.

IV. MICROELECTRONICS

A chip has been designed to add n-channel MOS shift registers and latch circuits to
the original prototype CCD programmable transversal filter structure. Inthe pro-
totype device, the tap weights were programmable as digital words which were con-
trolled by switches external to the chip, but in the final device the digital words are
to be stored on the chip in static logic devices. The analog input structure to the
CCD sections has also been modified to make it controllable by the positive voltage

levels of the logic devices.

Electrical characterization of the first of the 100- X 400-cell CCD imaging devices
to be fabricated for the GEODSS (Ground Electro-Optical Deep Space Surveillance)
program has begun. The time constants and densities of two trap levels thought to
be responsible for transfer inefficiency have been identified by using a technique
based on sequentially injected electrical signals. The most prominent source of
transfer loss is a trap level which appears to be the acceptor level of gold located
near the middle of the band gap.

Small, planar, surface-oriented Schottky diodes in which both terminals of the rec-
tifying junction are on the same surface of the GaAs wafer have been fabricated and
operated for the first time as detectors at submillimeter wavelengths. The planar
configuration lends itself naturally to an integrated circuit approach, enabling the
connection of matched strip-line antennas and IF filter networks. Diodes with di-
ameters as small as 2 um have been fabricated and evaluated as harmonic mixers
up to 668 GHz.

Quantitative measurements have been made of photoresist linewidth as a function of
exposure time and exposure order for the double-reticle technique used to elim-
inate faults, which arise from particulate contamination or emulsion defects in the

10X reticle, in chromium-coated master masks. In this technique, the mask is




exposed in the step-and-repeat camera with a reticle having nominal-sized geome-
tries and with a second reticle having slightly oversized geometries. These mea-
surements indicate that the exposuretime per reticle to achieve a desired linewidth
is less for the double-reticle technique than when using a single reticle, and that
exposing the oversized reticle first in the double-reticle process results in longer

total exposure times for optimum linewidths.

V. SURFACE-WAVE TECHNOLOGY

The program to develop surface-acoustic-wave (SAW) pulse expanders and com-
pressors for the MASR (Multiple-Antenna Surveillance Radar) system has been
completed. The devices were fabricated in the reflective-array-compressor (RAC)
configuration on bismuth germanium oxide (BGO). Sets of devices were developed
to generate and process a narrowband linear-FM waveform (2.5 MHz, 125 psec)
and a wideband waveform (10 MHz, 150 psec). The low surface-wave velocity on
BGO allowed compact devices capable of processing these relatively large disper-
sions to be fabricated on commercially available 15-cm substrates. Low spurious
levels, large dynamic range, large compression ratios, and good sidelobe sup-
pression are characteristic features of these devices. Good control of phase and
amplitude response yields peak near-in sidelobes of 35 dB, and the unique RAC
geometry suppresses far-out sidelobes by more than 80 dB.

vii
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I. SOLID STATE DEVICE RESEARCH

A. HIGH-SENSITIVITY HETERODYNE RADIOMETER USING

A TUNABLE DIODE LASER LOCAL OSCILLATOR

Active laser techniques based on scattering, fluorescence, and resonant absorption have
been successfully applied to the detection of atmospheric constituents. Field monitoring instru-
ments and systems have also been developed for continuous ambient air study.1 Recently, laser
heterodyne radiometry has been advocated as a completely passive method to detect gas absorp-
tion and emission lines, and infrared heterodyne systems with CO2 and CO gas laser local os-
cillators have been used for pollutant measurements2 as well as for astronomical purposes.3
However, the usefulness of these gas laser systems is limited by a dependence upon an acciden-
tal coincidence of laser frequency with the characteristic gas line. Heterodyne systems would
be much more versatile if a broadly tunable laser, such as a diode laser, could be used for the
local oscillator (LO). Here we report high-resolution spectroscopy of C2H4 obtained with a
diode-laser heterodyne system which has shown a sensitivity over an order of magnitude greater
than previously4 obtained with diode lasers, and within a factor of 2 of the quantum-noise-limited
sensitivity we achieved with a CO2 laser LO.

®
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Fig.I1-1. Experimental setup used for diode laser heterodyne radiometry.

Figure I-1 shows schematically the heterodyne setup which utilizes a 900°C blackbody source
and a tunable 10.6-pm PbSnSe diode laserT LO mounted in a closed-cycle cooler. The diode
laser was at about 30 K for the heterodyne measurements. The LLO wavelength was coarse-tuned
by adjusting the cooler temperature, and fine-tuned by adjusting the laser current. This laser
radiation was combined with the thermal emission at the beam splitter and focused onto a

T We are grateful to Laser Analytics, Inc. for providing the diode laser for this work.




state-of-the-art HgCdTe photodiode,5 which has a bandwidth of over 1.5 GHz and an effective
heterodyne quantum efficiency6 Mo of 0.4. The photodiode was mounted in a liquid-nitrogen
dewar. A spectrum analyzer was used to monitor the IF noise.

bl

I

SHUTTER OPEN lh ‘

HETERODYNE SIGNAL

|
SHUTTER CLOSED 4
| | | | ] |
! 18 £

1.4
LASER CURRENT (A)

(a)

DETECTOR SIGNAL {10dB/div)

GHz

b)

Fig.I-2. (a) Heterodyne signal as a function of diode laser LO current (i.e., wavelength).
Amplifier noise level was somewhat less than lowest level observed with LO on, as shown
at 1.4 A, with shutter closed. (b) Preamplifier RF noise spectra in 0- to 1-GHz region
for three different laser currents showing LLO noise (noise bandwidth = 100 kHz).

Heterodyne signal-to-noise (S/N) was found to be largely dependent upon properties of the
diode laser LLO, such as the power available at the photomixer and excess RF noise generated
by the diode laser. A typical scan of the heterodyne signal as a function of diode laser current
is shown in Fig.I-2(a) for a diode laser with three or four dominant modes in the ~20—cm-1

(600-GHz) scan range. Note the occurrence of several very noisy regions (A, C, F, H) which are
unsuitable for heterodyne detection and appear to be associated with mode switching and self-
beating of laser modes. IF noise spectra in the 0- to 1-GHz region shown in Fig. I-2(b) reveal
quite different noise output in regions C and H as compared with that of region E, where the

LO was relatively well-behaved. In region C, strong self-beat signals were detected, and in
region H an excessively high "white" noise spectrum was seen. Vibration of the diode on the
cooler cold head probably contributed in part to this noisy performance; however, the phenom-
' enon is a general property of diode lasers, as we have seen similar effects with diodes mounted
in a liquid-helium dewar. Nevertheless, the best S/N (S/N = 150) found at I = 1.42 A in
Fig.I-2(a) is only about a factor of 6 less than S/N =~ 900 calculated for an ideal (ne = 1) 10.6-pm
radiometer from the expression

S/N = Zne(BT)1/2 T, (exp[hy/kT — 1))




and using our experimental parameters T = 1173 K, B = 500 MHz, and 1 = 0.4 sec. A total
transmission factor To of 0.077 was due principally to the beam splitter, filter, and chopper
factors of 0.36, 0.62, and 0.50, respectively. This observed S/N is substantially better than
that generally reported for systems using CO2 laser LOs, which is probably due to the higher
L (0.4) of our HgCdTe photodiode. This result is very encouraging since it was obtained with
only 0.15 mW of LO power on the photodiode, and compares favorably with the quantum-noise-
limited S/N value of 290 we obtained with a 0.4-mW CO2 laser LO.

The linewidth of one of the diode laser modes was measured by mixing the laser mode with
the CO2 P(20) line. A 100-kHz instantaneous linewidth was observed using a moderately regu-
lated power supply. This compares favorably with the 54-kHz linewidth of previous measure-
ments7 on a single-mode PbSnTe diodelaser with comparable output power. The measurements
in Ref. 7 were carried out using a diode mountedin a liquid-helium heat-sink dewar in conjunction
with a highly stable power supply.

Ethylene spectroscopy was performed by first placing a 10-cm gas cell in the diode laser
beam and directly measuring the absorption to locate the C,H, lines. Figure I-3(a) shows the
transmission signal as a function of diode laser current, where the dominant laser mode was
tuned through several C2H4 lines near 942 cm_i. Line position and laser tuning rate were es-
tablished by heterodyne calibration with the P(22) line of a stabilized CO2 laser. Figure 1-3(b)

LASER TRANSMISSION (percent}

(0.03cm™) P =10 Torr C,H,
o= b 942.453 cm”)
~ ~
0 ] 1 | 1 1
(a)
T i I T I
8 = 300 MHz
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P:0
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P =10 Torr C, H,

SIGNAL (percent)
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I | 1 | §
1.40 142 144 1.46

LASER CURRENT (A)
(b)

Fig.1-3. (a) Direct diode laser absorption scan of three CyHy lines
near 942 cm~1. (b) Heterodyne absorption scan of above lines with
spectral resolution of 2B = 600 MHz (0.02 cm~-1).




displays the line spectra obtained by tuning the diode laser LO over the same range in a hetero-
dyne absorption experiment where the C2H4 cell was placed in front of the blackbody source.
The line profile is in good agreement with the IF resolution of 600 MHz (0.02 cm-i). With a
slightly improved diode laser LLO, we expect to achieve twice this sensitivity for use in passive
monitoring of gas absorption and emission lines in the atmosphere and stratosphere.

R. T. Ku (Group 51)
D. L. Spears

B. CW OPERATION OF DISTRIBUTED FEEDBACK
Pb,_,Sn Te LASERS

We previously reported8 pulsed operation of distributed feedback (DFB) injection lasers in
Pbi_xSnxTe double heterostructﬁres (DHs) grown by molecular-beam epitaxy. Here we report
CW operation of similar devices operating near A ~ 12.5 pm wavelength for heat-sink tempera-
tures between 12 and 50 K. Single-mode operation is obtained for large variations in diode
current and heat-sink temperature. Also, continuous current tuning of the mode frequency up
to =7 cm_1 is observed. These performance features of the DFB structure, as opposed to
Fabry-Perot (FP) devices, offer significant advantages in tunable laser spe(:tr'oscopy9 and in
applications as tunable LOs.9‘1O

As in the previous pulsed DFB 1asers,8 the grating of 1.1-pm periodicity operates in the
first Bragg order and was etched into the surface of the top DH 1ayer“ after all epitaxy had
been completed. Striped mesas 32 pm wide were formed and the devices were fabricated as
described in Ref. 8 (except as noted below), so that the lasers have electrically active regions
450 pm in length at the output end of the mesas and electrically insulated regions of comparable
length at the other end to spoil the FP cavity. For comparison, one device was fabricated with
the inactive length cleaved off so that both distributed feedback as well as reflective feedback
from each end of the cavity could be obtained.

In addition to the fabrication procedures described in Ref. 8, the following processes were
used. After the sputter-etching of the grating and of the striped mesas, and after removal of
all photoresist by plasma oxidation, the wafer was again sputter-etched in Ar at low voltage to
remove approximately 50 A from the surface. Then the wafer was placed in flowing HZ and
heated to 425°C for 10 min. These additional steps were taken in an attempt to eliminate a
possibly oxidized and/or damaged layer resulting from the sputter-etching and plasma oxidation.
The current-voltage characteristics of the resulting devices were improved over those of Ref. 8.
Less leakage current was observed near zero bias, and forward-limiting resistances were in
the range 0.06 to 0.1 9. Threshold current densities were reduced from ~19 kA/cm2 to values
in the range of 3 to 6 kA/cmz, and CW operation was achieved up to ~22 kA/cmZ.

The tuning characteristics (mode frequencies in cm“1 vs diode current) at 12 and 25 K for
one of the devices are shown in Fig.I-4. At 12 K, there are two modes with unusual tuning
characteristics. The lowest threshold mode disappears at about 2.6 A, and a second mode at
lower energy appears. (In PbSnTe FP lasers, as the current increases, modes typically appear
at higher energies since the spontaneous line shifts in that direction.) Finally, as shown by the
dashed extrapolation, the original mode returns at about 3.3 A. This type of behavior may be
related to simultaneous DFB operation and some residual independent reflective feedback from
the unpumped region.12 At 25-K heat-sink temperature, two additional modes appear at consid-

erably higher frequencies. This particular device was operated up to 45 K where two more
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modes at higher frequencies were observed at the higher currents. The two lowest threshold
modes shown in Fig. I-4 were present at all temperatures. The origin of the various modes has
not been determined. They may result from higher-order transverse modes in the plane of the
junction, as well as from reflective feedback effects mentioned above.iz

As the energy gap of the PbSnTe increases with temperature, the possible emission range
of the device no longer coincides with the grating period, and DFB operation ceases. For the
device in Fig.I-4 this occurs near 45 K, above which the laser emission rapidly becomes weak.
This temperature varies slightly with variations in device heat-sinking, and other devices showed
DFB operation up to ~50 K. In comparison, the device in which the inactive length had been
cleaved off to obtain both distributed feedback and strong reflective feedback showed behavior
more typical of FP devices. Ten or more modes could be seen simultaneously, and CW opera-
tion persisted up to ~80 K. The modes, however, had an unusually large, irregular spacing
with long continuous tuning ranges up to 4 cm_i, rather than the 1 to 2 cm'1 typically seen in
pure FP devices.9 In Fig.I-5, this device (labeled FP + DFB) is compared with the DFB de-
vice discussed above. The observed mode frequencies for currents of 2 A are plotted vs heat-
sink temperature.

Figure I-6 shows the frequencies in the two lowest threshold modes of the DFB laser vs
diode current with heat-sink temperature as a parameter varying from 12 to 45 K. Here it can
be seen that the minimum threshold occurs at ~35 K. We also note that because of the overlap
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in frequencies of the two modes, with two-parameter tuning, a continuous tuning range (i.e.,

without a gap) of over 11 c:m'1 can be achieved in this case.

At present, these devices are comparable in threshold current density and output power

(up to 100 uW from one end) to similar FP devices reported earlier13 which operated CW up to

114 K. By comparison with the emission wavelengths of these FP devices, we conclude that

CW operation of DFB devices above 77 K operating in the wavelength range of 8.5 to 12 ym is

now feasible with proper choice of grating periodicity.

10.
11.

12.

13.

J.N. Walpole S.H. Groves
A.R. Calawa T.C. Harman
S. R. Chinn
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II. QUANTUM ELECTRONICS

A. LINE-TUNABLE, OPTICALLY PUMPED 16-pm CO2 LASER

We have developed an optically pumped CO2 laser at 16 and 14 um which is both "line"
tunable and moderately energetic. It is, therefore, a practical source for photochemical ex-
periments involving either of these two wavelength regions. The operating principles of the
laser have been detailed previously.1 Briefly, a hydrogen halide laser (typically HBr) is used
to excite a low-pressure gas sample containing both the same hydrogen halide and COZ' Vibra-
tional transfer to the CO2 from the laser-excited hydrogen halide, followed by application of a
stimulating (or pumping) pulse at 9.6 or 10.6 um, causes inversion of the relevant 16- or 14-um

laser levels, respectively. A summary of typical operating parameters is given in Table II-1.

TABLE II-1
TYPICAL OPERATING PARAMETERS OF 16-pm CO9 LASER

Pulse Width 0.1 to 2 psec

Pressure 1 Torr CO9, 1 Torr HBr, 6 Torr argon
Gas-Cell Temperature +20° to —80°C

Required CO 9 Stimulating 10 mJ (single mode) in 100-nsec pulse

Pulse Energy
HBr Pulse Energy 20 mJ in lines inv =1~ v =0 band

Line-by-line tuning of the 16-um laser was obtained with the cavity shown in Fig. II-1. Be-
cause the 9.6-um pulse was supplied to the cavity from an external single-line CO2 laser, both
the 9.6-um pumping transition and the 16-pm lasing transition could be varied independently.

We observed that with a single, fixed P or R branch stimulating transition, numerous 16-ym P,
Q, or R branch transitions could be tuned into oscillation. Thus, the (‘.O2 rotational manifold
was completely thermalized during both the application of the stimulating pulse and the formation
of the 16-um pulse. The laser pulse energy in the strongest 16-pm lines was comparable to that
extracted from a cavity without a grating.

By adjusting a number of laser design parameters — chiefly output coupling, mode size,
sample cell length, and gas pressure — we have substantially improved the optically pumped
laser energy. The best result to date, which was obtained with a 40-cm-length cell and 20 mJ
of absorbed HBr laser energy, was 0.3 mJ.T
rent understanding of the laser kinetics, indicate that further improvements in the pulse energy

Efficiency arguments, which are based on our cur-

can be expected.
Experiments with both the line-selected 16-um laser and a fluorescence cell containing

HBr and CO2 have yielded information on the gas kinetics in the optically pumped laser medium.

t This result was obtained in a cavity containing no intracavity grating. The 16-um laser power
was approximately 3 X 103 W,
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Earlier measurements in the fluorescence cell showed that deactivation of the CO2 0110 level

by HBr is extremely fast, namely 6 X 104 sec-1 Torr-i. Experiments with the line-selective
cavity have shown that the rate for the deactivation of the upper 16-um laser level by HBr, '
while fast, is still slower than the rate for rotational thermalization of COZ’ i.e., approximately

1 1

106 sec = Torr .

R. M. Osgood

B. VIBRATIONAL ENERGY TRANSFER IN SIMPLE CRYOGENIC LIQUIDS

In a previous report2 we discussed both the simplifications of the vibrational spectra of
complex molecules that occur when they are dissolved in cryogenic liquid hosts such as argon,
oxygen, or nitrogen, as well as some preliminary photochemistry experiments in these media.
Further progress in the use of these doped cryogenic liquid systems for optically pumped laser
and photochemical applications requires a detailed knowledge of vibrational energy transfer rates
in these media. We have therefore undertaken a study of vibrational kinetics by investigating
two molecular dopants, CH3F and SF6’ in a variety of liquid hosts. These molecules have very
different spectroscopic characteristics and exhibit varied relaxation behavior. SF6 is of cur-
rent interest because in the gaseous phase it can readily be dissociated by high-intensity CO2
laser radia’cion;S’4 however, the energy-transfer situation is only partially understood.s’6 The
gas-phase kinetics of CH3F are, in contrast, rather well understood.7 5 .

Typical relaxation times in these liquid media are in the range 10~ to 10" "~ sec, too rapid
for straightforward use of the laser-induced fluorescence techniques that have been extensively
employed in gas-phase measuremen‘cs.8 "The picosecond kinetics techniques, based mainly on
nonlinear processes such as stimulated Raman scattering, which have been extensively employed
for the study of neat liquids9 are not applicable to these low dopant density (1 O16 to 1017 cm-a)
liquids. We have therefore chosen to study these kinetics by measurements of the saturation
of the optical absorption and by double-resonance techniques. The techniques are ideally suited
to the liquid environment since the high heat capacity and thermal conductivity of the liquid elim- '
inate spurious translational heating effects which complicate the interpretation of these experi-
ments in low-density gaseous media. In addition, the simplified spectroscopic features of the
cryogenic liquid medium allow unambiguous excitation of a single vibrational mode.

Methyl fluoride (CH3F) is a symmetric top molecule whose lowest energy mode, v, at
1040 cm-i, is accessible with CO2 laser radiation. In both liquid O2 and Ar solvents, this

10




nondegenerate mode has a linewidth of approximately 4.5 cm-1. This linewidth is due predom-
inately to the hindered rotational motion of the relatively light and compact CH3F molecule about
axes perpendicular to the C-F molecular axis, and in contrast to the case of SF6 (see below)
very little information regarding vibrational kinetic rates can be gleaned from this linewidth.

In the steady state, for a simple two-level system with a single relaxation time 7, the op-
tical transmission T is given by the expression

en(T/T. )

- Y i
1-T " %o 4 (11-1)

where TS is the small signal transmission, Ii is the incident intensity, y is the absorption cross
section, and hw is the photon energy. A plot of the left-hand side of Eq. (IT-1) vs incident inten-
sity gives a straight line whose slope is proportional to r.

Saturation measurements were performed on CH3F (and on SF6) in a variety of hosts by
measuring the incident and transmitted CO2 TEA laser energy through a cryogenic liquid cell
(5.8-cm path length) with energy meters. For CH3F, the TEA laser was operated with an in-
ternal gain cell above CW threshold and with a gas mix that was highly N2 rich to give a
1.0-usec-long laser pulse with no rapid temporal structure. Figure II-2 shows the results for
a CH3F density of approximately 1.7 X 1017 cm-3 in a liquid O2 solvent at 77 K. The measured
curve is linear, and from the slope we deduce a relaxation time of 7 ~ 150 £50 nsec., This r
is much shorter than the 1.0-psec-pulse width, which justifies the steady-state assumption. As
expected from the very high degree of dilution, this relaxation time was independent of CH3F
concentration. An identical relaxation time, to within experimental error, was found for
CH3F-Ar solutions, in agreement with gas-phase r'esults.7 The relatively large uncertainty in
the measured lifetime results from the effects of the spatial and temporal variation of the CO2
laser beam. Double-resonance experiments which involve a second CW CO2 laser operating on
an adjacent transition within the vibrational bandwidth of CH3F are currently under way and will
permit a direct relaxation-time measurement with which to test the accuracy of this saturation
technique.

For the case of the octahedral SF6 molecule, the infrared-active, triply degenerate, vy
mode located at 939 cm-1 in liquid O2 is the highest energy mode. Because its moment of in-
ertia is much larger than that of CH3F, the rotational bandwidth is significantly reduced. In the
liquid environment, the rotational contribution to the SF6 vibrational linewidth is well described
by a Debye diffusional rnodel10 rather than the much more nearly free rotation of the CH3F
molecule. In this Debye model, the rotational contribution to the linewidth is given simply by
I = kKT/37mcVn, where kT is the temperature (ergs), c is the speed of light, V is the molecular
volume, and n is the solution viscosity (poise). Figure II-3 shows the measured linewidth as
a function of T/n for SFé dissolved in liquid 02. The viscosity was varied by changing the tem-
perature of the cryogenic liquid.“ From the slope of the line in Fig. II-3 we obtain an estimated
molecular radius of 6.2 1°\, in reasonably good agreement with the radius of 5.5 A derived from
second virial coefficients.12 The zero-temperature intercept of 0.23 c:m-1 sets a lower bound
of 46 psec on the time to transfer energy out of the vy mode. Energy-transfer processes may
be slower than this, but if they were more rapid a broader SF6 linewidth would result. Since
some of the times obtained from the saturation measurements are of this same order, this

linewidth bound has important implications on the model of energy flow within the SF6 molecule.
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Figure I1-4 shows the results of transmission measurements for SF dissolved in liquid Ar
and 02. Note that, in contrast to the CH3F case, the measured curves are not simple straight
lines but show significant deviations at higher input intensities. This arises because of signifi-
cant excited-state absorption of the TEA laser radiation due to vibrational transfer processes
which populate the lower-lying SF6 modes and give rise to absorptions to longer wia;lelengths
than the v; fundamental. This effect has also been observed in gas-phase studies. The lower
intensity portions of the curves in Fig. II-4 give relaxation times analogous to those found for
CHSF. As expected from gas-phase data,s-'7 the relaxation rates are much faster in SF6, with
a time of 54 £ 15 psec for liquid O2 and 320 = 80 psec for liquid Ar. The liquid 02 result is of
particular interest since it is in rough agreement with the lower bound on the energy-transfer
time out of the vy mode obtained from the linewidth analysis discussed above. These measure-
ments were taken with modelocked laser pulses; similar curves were obtained when the mode-
locking structure within the TEA laser pulse was eliminated by means of a gain cell. This is
expected, since the relaxation times were shorter than the duration of a spike within the mode-
locked pulse.

A quantitative analysis of the upper region of the curves must await a detailed model of
inter-mode energy transfer in SF, and a more complete experimental investigation of the
excited-state absorption by means of double-resonance experiments. Preliminary results from
these double-resonance experiments indicate that the induced absorption follows the temporal
variation of the TEA laser pulse, as is consistent with the rapid relaxation times reported here,
and extends to at least 8 crn-1 lower in energy than the vy fundamental, the limit of our mea-

surement. No induced absorption was found at eneréies higher than the vy fundamental. It is
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interesting to note that, even with the extremely rapid relaxation rates of SFé in liquid OZ’ it is
possible to saturate the transition with a CO2 TEA pulse and obtain significant excited-state
absorption. This result indicates that the prospects for laser-induced chemistry in these liquid
media appear promising. The usual picture of energy transfer in complex molecules such as

SF6 is that there is a relatively rapid V-V equilibration between v, and a manifold of the other

modes, followed by a slower V-T relaxation of this manifold. Thi3s model seems inconsistent
with our results for SF6 in OZ' since our measurements indicate that the rate of energy flow
out of the SF, Vs mode is identical to that of the overall decay back to the ground state. The
rapid V-V model would necessitate a faster decay of the vy mode energy as it equilibrates with
the vibrational manifold, and hence a broadened infrared linewidth, and then a slower decay
back to the ground state.

In summary, we have demonstrated that valuable kinetic information in the picosecond time
domain can be obtained by relatively simple saturation experiments. Extension of these tech-
niques to other molecular liquid systems will greatly enhance our relatively meager store of
information on vibrational kinetics in simple liquids. S.R. J. Brueck

T. F. Deutsch
R. M. Osgood

C. MULTIPHOTON ABSORPTION PROCESSES IN POLYATOMIC MOLECULES

The multiphoton, collisionless dissociation of polyatomic molecules using a pulsed CO2
laser has generated considerable interest in the processes by which energy is deposited in these
molecules.14 Most models suggest that the dissociation occurs via two steps, the first being
selective excitation to a vibrational level so high that the density of states between it and the
dissociation limit is essentially continuous. The second step involves the nonselective absorp-
tion of enough infrared photons to dissociate the molecule.

We have previously reported on the use of the pulsed acoustic spectrophone technique to
measurfsthe deposition of energy in cooled SF6 by a CO2 TEA laser as a function of laser fre-
quency. The absorption spectrum of SF6 broadens substantially to the low-frequency side, and
develops a second absorption peak at CO2 laser intensities of a few MW/cmZ. Similar measure-
ments on SF‘6 at room temperature by Soviet workeirg also show such a broadening, but do not
reveal the structure observed at low temperatures. We have extended our work to measure-
ments of the intensity dependence of the absorption cross section at different CO2 laser pump
frequencies, as well as spectral measurements, at 145, 198, and 293 K. In addition, less-
extensive absorption measurements have been performed on CH3F, CC14, and SiF4.

The measurements were made using a collimated CO2 TEA laser beam with a diameter of
3.1 mm. The output pulse had a 180-nsec-wide peak (FWHM) and a 1-psec-long tail. The gas
was contained in a double dewar having an optical path length of 5.8 cm. Dry ice and acetone
mixtures at 198 K and liquid CF4 at 145 K were used as refrigerants. An electret condenser
microphone suspended in the cell was used to detect the acoustic signal due to the pressure rise
caused by heating of the gas in the cell when it absorbs energy from the CO2 laser beam. The
laser intensity was kept low enough that no significant dissociation occurred.

Figure II-5 shows the normalized acoustic signal for SF6 at 293 K, obtained by dividing the
acoustic signal by the incident energy, as a function of the incident-energy density for several
CO2 pump lines. Since the acoustic signal is proportional to the absorbed energy, the normalized

acoustic signal is also proportional to the energy absorbed per incident-energy flux, referred to
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for 0.25 Torr SF¢ at 293 K for several CO, laser lines.

here as normalized absorption. The normalized absorption for the P(16) line, which lies near
the Q branch of the vy mode, decreases with increasing energy, while for the P(20) and P(26)
lines such saturation effects become progressively weaker. Similar behavior has been observed
using a less-accurate calorimetric technique.1

The results of measurements on SF6 at 145 K, shown in Fig. I1-6, are in striking contrast.
While the absorption of P(16) still shows saturation effects for P(24) as well as for several other
lines on the low-frequency side of the SF6Q branch, namely P(26) and P(28), the normalized
signal increases with increasing energy. Calculations of the energy dependence of the normal-
ized absorption have recently been made for SF‘6 at room temperature;17 the low-temperature
data presented here should provide a more sensitive test of this model.

The V-V (vibration-vibration) transfer time for SF‘6 at room temperature is 1.5 psec-Torr;18
hence, at typical SF6 pressures at 0.25 Torr, no V-V equilibration occurs during the 180-nsec
laser pulse. If the pulse length becomes comparable to the V-V time, relaxation processes
occurring during the pump pulse can alter the energy deposition processes. This is illustrated
in Fig. I1-7, which shows the acoustic signal from SF, at 198 K as a function of frequency for
CO2 laser pulses of equal energy, but different length. The long pulse had most of its energy
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in a tail with a FWHM of 6 psec, while the short pulse was as described above. The acoustic
absorption spectrum obtained with the long pulse shows a much more pronounced low-frequency
tail as well as a greater absolute absorption. We believe that the enhanced tail is due to the
formation of laser-induced hot bands. Such bands can be formed when the laser-excited V3
mode decays into lower-energy modes, producing hot bands (such as ve t v3) lying to the red

SF Dy T. F. Deutsch
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III. MATERIALS RESEARCH

A. ZIRCONIA MEMBRANES FOR HIGH-TEMPERATURE ELECTROLYSIS CELLS

Zirconia (ZrQO,) stabilized with calcia (CaO) or yttria (Y,0;) is an effective solid electrolyte
for oxygen-ion transport, with electrical conductivity values exceeding 0.1 (R cm)-1 at tempera-
tures above 800°C. Use of this material should make it possible to produce hydrogen efficiently
by means of high-temperature electrolysis cells, in which the transport of oxygen through
stabilized-zirconia tubes or membranes under the influence of an applied voltage results in the
dissociation of steam into oxygen and hydrogen. Efficient production of electric power should
also be possible by combining such cells with low-temperature hydrogen-oxygen fuel cells in an
electrochemical power cycle.i’2

Although high-temperature electrolysis cells utilizing zirconia tubes have been successfully
fabricated and tested,:‘}’4 the basic design of these cells leads to a number of significant difficulties,
including reliability problems arising from thermal incompatibility between the various materials
used in cell construction, and high cell resistance resulting because the very thin metal elec-
trodes applied to the zirconia tubes are used as the primary collectors of electric current. To
overcome these disadvantages we have developed a flat-plate design in which the cells are con-
structed by vertically stacking a series of basic units, each consisting of a thin zirconia ceramic
disk with a corrugated "egg crate" surface sandwiched between two thick metal plates. Models
illustrating a basic unit and a complete cell are shown in Figs. III-1 and III-2, respectively. The
metal plates hold the zirconia ceramic in compression for maximum strength and serve as cur-
rent collectors, sealing gaskets, and heat-exchange fins. During electrolysis, steam entering
the cell passes between the zirconia disk and one of the metal plates, gradually being converted
to hydrogen as oxygen ions are transported to the other side of the disk, where they are dis-
charged to form a stream of oxygen gas that passes between the disk and the other metal plate.
Distribution ports for the entrance and exit of the gases are fabricated into the ceramic wher-
ever required.

Because of the modular construction that is an inherent feature of the new design, it should
be possible to produce high-performance electrolysis cells at relatively low cost. To achieve
this objective, it is essential to have the capability of fabricating stabilized-zirconia membranes
of the required size, shape, strength, and electrical properties. Since the preparation of thin,
planar zirconia components has not been carried out previously, we have initiated the develop-
ment of ceramic techniques for this purpose. By utilizing a procedure similar to the "green
sheet" technology employed to produce alumina substrates for integrated circuit applications,
we have succeeded in fabricating zirconia disks such as those shown in Fig. III-3. Although the
mechanical and electrical properties of the disks have not been studied in detail, it appears
that fabrication techniques based on this approach can yield satisfactory membranes for high-
temperature cells.

The first step in the present procedure is to prepare a slurry of micrometer-size, yttria-
stabilized-zirconia powder, plastic binder, plasticizer, and deflocculant in an organic solvent.
A thin, uniform layer of the slurry is spread on a glass plate, where it is allowed to dry at room
temperature to form a rubbery green sheet about 0.05 cm thick. This sheet is sufficiently rigid
to be cut into disks and deformed into the egg-crate pattern shown in Fig. III-3. After being
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Fig. III-1. Model of basic flat-plate unit, consisting of stabilized-zirconia
membrane with egg-crate surface sandwiched between two metal plates, for
high-temperature electrolysis cell.

Fig. III-2. Model of assembled high-
temperature electrolysis cell.

FLAT DISK HYPAR DISK HYPAR DISK
FIRED AT 1600°C FIRED AT 1600°C FIRED AT 2400°C

r1g. 11-3. Zirconia membranes tabricated by green-sheet tecnnique.
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Fig. IlI-4. Cell for testing zirconia
membranes and metal-zirconia seals.

shaped, it is converted to a bisque ceramic by firing in air at 1600°C for about 12 hr, which
burns off the organic materials. In the bisque stage, the disk can be ground to final tolerance,
after which it is converted to a high-density, impervious membrane by firing in a reducing at-
mosphere at 2200°C for about 12 hr. At this stage, the material has been darkened by reduc-
tion, but it becomes translucent after a final firing in air at 1600°C for 1 hr.

The flat-plate cell design also requires gas-tight compression seals to be made between
the zirconia membranes and the supporting metal plates. A cell that has been built for testing
such seals, as well as the electrolytic performance of the membranes, is shown in Fig. III-4.
The seals are made with the metal "O"-rings shown, which are filled with high-pressure gas.
In preliminary tests at 1000°C with a fused silica disk, a seal leaking less than 1 cm3/hr was
achieved under a gas pressure of 2 atm. T. B. Reed

M. S. S. Hsu
R. E. Fahey

B. SURFACE STATES ON Sr‘TiO3

In a continuing investigation of the role of semiconductor surface states in the photoelectrol-
ysis of water, we have extended our previous in situ photoresponse measurements on SrTiO3
electrodes in photoelectrochemical cells. In an attempt to understand the differences observed5
in the sign of the AC photoresponse to chopped (~40 Hz) radiation with photon energies less than
energy gap, we have studied the time variation of the current response to light exposures as
long as several minutes in duration. Such exposures to below-bandgap radiation produce large,
slow photocurrent signals that peak in amplitude when the Sr‘TiO3 electrode is biased sufficiently
negative for the energy bands to become nearly flat but not enough for H2 to be evolved by photo-
electrolysis. [A similar effect has recently been reported for TiO, (see Ref. 6)] For an elec-
trolyte pH of ~10, this occurs for a bias of ~-0.9 V relative to the standard calomel electrode
(SCE).
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Typical results under these bias conditions, obtained for an exposure of about 7 min. to
monochromatic light of constant intensity, are given in Fig.III-5. The upper curve shows the
light intensity in arbitrary units, while the middle and lower curves show the current as a func-
tion of time for exposure to photons of above- and below-bandgap energy, respectively. The
response to above-bandgap photons consists primarily of two short current pulses, with time
constants of the order of a second, which make the current less cathodic when the light is turned
on and more cathodic when it is turned off. This response, which has the characteristic form
associated with charging and discharging a capacitance, probably results from perturbing the
Helmholtz double layer in the solution adjacent to the electrode. Of more interest is the re-
sponse to below-bandgap radiation, which results in a cathodic photocurrent with time constants
of the order of minutes.

Figure III-6 shows typical data for the spectral dependence of the steady-state photocurrent
due to below-bandgap radiation. The observed structure, which is particularly prominent at
lower photon energies, is associated with surface states in the energy gap rather than bulk states,
since it is sensitive to the mechanical condition of the surface and also to the O2 concentration
in the electrolyte. Both the dark cathodic current and the photocurrent are high when the solu-
tion is saturated with 0,. When O2 is eliminated by purging with N,, the dark current decreases
by about an order of magnitude and the photocurrent disappears.

Since the bias on the SrTiO3 electrode in these experiments is not sufficiently negative to
permit photoelectrolysis, the photocurrent due to below-bandgap radiation must be associated
with the O2 redox reaction. For an alkaline solution, this consists of the following reduction

and oxidation:

2e + H,0 +1/2 0, ~ 2 OH" (111-1)

2pt+20H - H,0 +1/2 O, (111-2)

which occur at the SrTiO3 cathode and platinum anode, respectively. The reduction results
from the photoexcitation of electrons from the valence band to the surface states, from which
they are transferred to the oxygen level of the electrolyte.

J. G. Mavroides
J. A. Kafalas
D. F. Kolesar

C. X-RAY PHOTOEMISSION STUDY OF Sn-DOPED INDIUM OXIDE FILMS

Because thin films of Sn-doped In203 are conducting and highly transparent to visible radi-
ation,7’8 they are useful for a variety of applications, including heat mirrors for solar collectors9
and transparent electrodes for solar cells. The optical and electrical properties of these films
are sensitive to preparation conditions. In order to obtain a better understanding of the factors
determining these properties, we have studied the films by x-ray photoemission spectroscopy
(XPS).

Films of Sn-doped In203 between 300 and 5000 A thick were deposited on CG 7059 glass sub-
strates by RF sputtering from a 12.7-cm-diameter, hot-pressed target of In203 containing
9 m/o SnO, (see Ref. 8). Films of undoped In203 and SnO2 were deposited by similar procedures,
using hot-pressed targets of these materials. XPS measurements were made with a McPherson
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apparatus. The specimens were irradiated with Mg Ka x-rays with an energy of 1254 eV, and
chemical binding energies were obtained by subtracting the kinetic energies of the photoelectrons
from this incident energy. Experimental uncertainties in the binding-energy determinations are
about £0.10 eV. Most of the measurements were performed on as-grown surfaces, but a few
were made on films that had been sanded in dry N, gas on either SiC or A1203 abrasive paper.
Sanding rather than argon-ion sputtering was used to remove the as-grown surface in order to
avoid the differential sputtering effects observed for this material system.8

Figure III-7 shows the binding energies of the In 3d levels measured for In203 powder and
for InZO3 and Sn-doped In203 films before and after sanding. The observed binding energies of
the In 3d3/2 and 3d5/2 levels are essentially the same (444.5 and 452.1 eV, respectively) for
these and all the other samples containing In. We conclude that the In peaks in all the samples
are due to ions with the formal valence state In3+.

Figure III-8 shows the Sn 3d3/2 and 3d5/2 binding energies measured for SnO, SnOz, and
Sn304 powders, and for an SnO, film. The two peaks have essentially the same shape and po-
sitions for the SnO2 powder and film. The binding energies for SnO2 are significantly lower

0

than those for SnO, in agreement with published results,1 while they are slightly greater than

those for Sn3O4.

18-8-13788(1) 18-8-13789(1)

In,‘,O3 POWDER

SnO POWDER
In0, FILM
AS-GROWN
Sn0O, POWDER
]Zn203 FILM
SANDED
SnO2 FILM

Sn-DOPED IﬂzO3
AS-GROWN 0-2299

Sn-DOPED I"zos
SANDED 0-2299

Sn304 POWDER

| 1 1 1 ! 1 | | ] 1 ] 1 | | | | | ]
460 450 440 500 430 480
BINDING ENERGY (eV) BINDING ENERGY (eV)
Fig.III-7. In 3d3/2 and 3d5/2 binding Fig. III-8. Sn 3»d3/2 and 3d5/2 binding ener-
energies for In203 powder and for In203 gies for SnQ, SnOZ, and Sn3O4 powders, and
and Sn-doped In203 films before and af- for an SnO2 film.

ter sanding.
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Figure III-9 shows the Sn 3d_,’/2 and 3d5/2 binding energies for two Sn-doped InZO3 films
prepared by sputtering at different power levels. The 2-pm-thick, 100-W film 0-1974 had a
visible transmission of less than 20 percent and a room-temperature resistivity of 1073 Q-cm.
X-ray diffraction studies on similar films showed, in addition to anO3 peaks, the presence of
weak Sn304 peaks.8 For the as-grown surface, the Sn binding energies are the same as those
for Sn304 powder. After sanding, these energies decrease by ~0.4 eV, but the Sn/In ratio
(i.e., the ratio of integrated areas under the Sn 3d3/2 and In 3d3/2 peaks) is essentially unchanged.

In contrast with film 0-1974, the 0.5-pm-thick, 550-W film 0-2299 had a visible transmis-
sion of over 85 percent and a room-temperature resistivity of only about 2.6 X 10_4 Q-cm. X-ray
diffraction showed only the In203 phase.8 The XPS Sn peaks for the as-grown surface have a
composite structure. These peaks are similar in both shape and position to those obtained for
a mixture of 5 m/o SnO2 and 5 m/o SnO with In203 powder. Resolution of the Sn 3d3/2 peak for
the film into SnO2 and SnO peaks gave relative intensities with a 3-to-2 ratio. The peaks ob-
tained after sanding also have a composite structure, but decreased by 0.4 eV. In addition, the
ratio of the Sn 3d3/2 to In Z*ld3/2 integrated areas changes from 0.051 before sanding to 0.035
afterward, indicating that the as-grown surface has a higher Sn content than the bulk of the film.
Similar results were obtained for a 0.6-pm-thick, 600-W film that also had a visible transmis-
sion of over 85 percent and room-temperature resistivity of about 2.6 X 10_4 Q-cm.

Figure III-10 shows the oxygen 1s binding energies observed for the undoped In203 film of
Fig. III-7 and the Sn-doped In203 films of Fig. III-9. The 0.4-pm-thick In203 film (sputtered at
550 W) had over 85-percent visible transmission and a room-temperature resistivity of about
7 x107%
composite structure that can be resolved into two Gaussian peaks OI and OII’ separated by

2-cm. As shown in Fig. III-11, the oxygen 1is peak for the as-grown surface has a
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about 1.5 eV, with an integrated intensity ratio of 52/48. After sanding, the 1s peak can again
be resolved into O; and Oy, peaks, but with an intensity ratio of 57/43; the O/In ratio remains
unchanged. Similar results were obtained for the Sn-doped In, 0, films.

The present XPS investigation, together with our optical, electrical, and x-ray diffraction
studies, has revealed two respects in which Sn-doped InZO3 films with low visible transmis-
sion and low electrical conductivity differ from films with high transmission and high conduc-
tivity. In the dark films, the Sn concentration does not change significantly with depth, and
an Sn304-1ike second phase is present. In the clear films, on the other hand, the Sn concentra-
tion is higher at the surface than in the bulk, and there is no evidence for an Sn304-like second
phase. The formation of the second phase appears to be associated with the deposition of the
dark films at much lower substrate temperatures.

J.C.C. Fan
J. B. Goodenough
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IV. MICROELECTRONICS

A. CHARGE-COUPLED DEVICES (CCDs): PROGRAMMABLE

TRANSVERSAL FILTER

During the past quarter, a chip has been designed to add n-channel MOS shift registers
and latch circuits to the original prototype CCD programmable transversal filter structure.1 In
the prototype device the tap weights were programmable as digital words which were controlled
by switches external to the chip, but in the final device the digital words are to be stored on the
chip in static logic devices. The analog input structure to the CCD sections has also been modi-
fied to make it controllable by the positive voltage levels of the logic devices.

ANALOG
SHIFT sHEHT
REGISTER
% LATCH »—/_,(— NT
I oy

LI | A (N-1) T -

o 1 = }

J —_—
q, _——/_J' T 3
DIGITAL
[ I

Fig.IV-1. Schematic illustration of a basic section of an N-stage
CCD programmable transversal filter. Device convolves digital
reference bitsay,...,ay with an analog input signal. Reference
bits are introduced into shift register and stored in latch which, in

turn, performs binary multiplication of analog signal and reference
at CCD input.

The basic unit of the filter, shown in Fig.IV-1, consists of N CCD delay lines having from
1 to N cells. An N-stage shift register along the input end of the CCDs holds one bit of each of
the N words representing the reference function or tap weights. A latch is included with the
shift register as a buffer-store so that the reference bits can be transferred and held indefi-

nitely, or until a new digital reference is clocked into the shift register. A simpler alternative

is to use only a static shift register, but in this case the device is not usable during the N logic -

clock periods needed to bring the new reference into place. The latch thus enables the change-

over to a new reference to take place in about one clock period.
The state of each latch is used to control the analog input to the CCD and, in particular, to

turn "on" or "off" the charge flow into the devices and, therefore, effect a multiplication of the

analog input by a "zero" or "one." The CCD charge packets are collected at a common charge

summing bus, and a conventional on-chip MOSFET output circuit serves as the preamplifier.
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If the analog input signal is represented by time-samples x, at time tn’ where th - tn =T =

clock period of the CCD, then the output signal o at time tm is the convolution of the 1-bit

reference words a, and the sampled analog signal:
N
- V¥
Ym~ 4 2n*m-n
n=1

To achieve convolution with reference words each having M bits requires the use of M basic
triangular units and the bit-weighting and summation of the output signals of the triangles as

described previously.1
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Fig.IV-2. (a) Conventional method known as "fill-and-spill" of introducing
signals into a CCD. This method was used on prototype transversal filter.
(b) New input method which allows binary multiplication of analog signal by
means of a voltage on input diode. This method also eliminates a clocking
waveform needed on input diode in (a).

In the prototype device, the analog input to each CCD used the conventional "fill-and-spill"
method illustrated in Fig.IV-2(a). With a DC bias on the barrier gate and the signal applied to
the signal gate, the input diode is pulsed low and then high again during the half-clock period
when 9o,y is low. This leaves a charge packet residing under the signal gate which is proportional
to the voltage difference between signal and barrier gates. For the prototype device, the binary
multiplication was achieved by setting the bias on the barrier gate at a level that aliowed charge
filling of the signal gate (multiply by 1) or at a bias low enough to block the charge flow (multi-
ply by 0). Because of the n-type buried channel, negative voltages (with respect to substrate)
were required on the barrier gates to achieve the re;quired control of the charge flow. This
presents a problem since only positive voltages are available from n-channel MOS logic for




controlling this gate. A possible solution is a modified fill-and-spill described by Ual\:en2 and
illustrated in Fig.IV-2(b). Here, an extra @y cell is placed between the signal gate and the in-
put diode. With the input diode at a logic LOW level of a few volts, the o,y well can scoop up a
full well of charge and deliver a fraction of it to the well under the second signal gate. The
quantity of charge transferred is proportional to the voltage difference between the signal and
the low state of 0y With a logic HIGH level of sufficient voltage on the input diode, charge will
not flow into the 0y well when the latter is in its high state. An additional attractive feature of
this method is that the clock pulse on the input diode [shown in Fig.1V-2(a)] is not needed.

Fabrication of a test chip similar to the original prototype devices but with the addition of
32-stage static shift registers, latches, and the new input structure to the CCD delay lines will
require that the n-MOS logic device n' diffusions abut the channel stops in order to maintain a
compact structure. This will, in turn, require careful control of the p+ channel-stop doping in
order to achieve both high diode breakdown and high threshold voltage over the thick field oxide.
Experiments are under way on test structures to determine suitable values of channel-stop ion-
implantation doses and field-oxide thickness.

B. E. Burke
A. M. Chiang
D. L.. Smythe

B. CHARGE-COUPLED DEVICES: IMAGERS

Electrical characterization of the first of the 100- X 400-cell CCD imaging devices to be
fabricated for the Ground Electro-Optical Deep Space Surveillance (GEODSS) Program /see Ref. 1,
p- 53) has begun. The time constants and densities of two trap levels thought to be respon-
sible for transfer inefficiency have been identified by using a technique based on sequentially
injected electrical signals. The most prominent source of transfer loss is a trap level which
appears to be the acceptor level of gold located near the middle of the band gap.

The 100- X 400-cell imager is arranged in the serial-parallel-serial configuration described
previously (Ref. 1, p.53). An electrical input to the output register is supplied so that this
405-bit, two-phase register can be tested separately. A technique3 has been described whereby
the emission time constants of bulk trap levels responsible for transfer inefficiency can be
measured. The procedure consists of filling the trap levels by sending charge packets through
the device, and following these by a series of empty charge packets during whose transit time
the traps will partially empty. If a signal of size Qs is then sent through the device, a charge
loss AQS will be observed due to the refilling of the traps. An expression for the loss AQS in
a two-phase device of M bits in which the measured signal has been preceded by n, empty

charge packets is :4

i) 2 Ny exp[-1/2f_ 7 ;1 {1 —expl-n_/f 7 _.1} (IV-1)
i

Qg =2qM(V + FV
where Nti is the trap density of the i':h species, T oi is the emission time constant, fc is the CCD
clock frequency, and Vst and Vtr are the volumes occupied by the charge packet under the stor-
age and transfer gates, respectively. The filling probability I results from the fact that the
charge flow and trapping dynamics are different under the transfer gates than they are under

the storage gates.
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Fig.IV-3. Measured fractional charge loss AQS/Qs in a charge packet
which has been preceded by n, "zeros" or empty charge packets. Clock
frequency f, was 1 MHz in this case. A theoretical expression has been
fitted to data indicating trap levels having emission time constants of
288 and 2.8 psec.

The results of this measurement on a device are presented in Fig.1V-3, where the relative
charge loss AQS/Qs in the first signal charge packet is plotted against the time nz/fc elapsed
between this charge packet and the last of the charge packets used to fill the traps. The clock
frequency in this case was 1 MHz. Equation (IV-1) has been fitted to the data, and from this it
is found that two trap levels having emission times of Tet = 288 psec and Te2 = 2.8 usec are
present. The estimated densities of these levels are 3 x 1032 ¢m™3 and 2 x 1011 cm'3, re-
spectively. Other reported measurements of this type have yielded levels having emission
times of 275 and 0.3 usec (see Ref. 3) and 900 and 12 psec (see Ref.4). The 900-pusec level was
tentatively identified as due to the acceptor level of gold located 0.54 eV from the conduction
band. Although the emission time is a sensitive function of temperature, the temperature at
which these measurements were made was not reported. In fact, a 15°C increase in device
temperature would reduce the gold emission time constant by a factor of three, and bring the
900-usec measurement into agreement with our 288-psec result. Although in our case the am-
bient temperature was 29°C, a further complication is that the device itself is likely to be at a
higher and spatially nonuniform temperature. For example, forward-bias measurements on a
test diode located 70 mils from the CCD output showed a 10°C rise at that point due to power
dissipated by the output MOSFET.

We conclude that the dominant charge-loss mechanism in our devices is likely due to the

-3

presence of gold at a concentration of about 3 X 1012 cm An addiiional impurity at a much

lower concentration and having a shorter emission time remains unidentified.

B. E. Burke

C. SURFACE-ORIENTED GaAs SCHOTTKY-BARRIER DIODES

Small, planar, surface-oriented Schottky diodes in which both terminals of the rectifying
junction are on the same surface of the GaAs wafer have been fabricated for use in the submil-
limeter region. Conventional GaAs Schottky diode detectors operating in this region of the
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spectrum require a small tungsten whisker to provide contact and to serve as a high-frequency
antenna. In contrast, the single-sided geometry of the planar device lends itself naturally to an
integrated circuit approach, enabling the connection of matched stripline antennas and IF filter
networks. Although devices with this topography have been fabricated previously,5-7 they have
heretofore been restricted to frequencies below 100 GHz primarily because the relatively large
area devices have led to high capacitance and low cutoff frequencies. Diodes with diameters as
small as 2 pm have been fabricated in our effort, permitting operation at submillimeter wave-
lengths for the first time.

Tis-do-12622 2]
Fig.IV-4. Bottom: planar diode as fab-
ricated by growth of n-n* epitaxial layers
on high-resistivity GaAs substrate. Top:
scanning electron micrograph showing g:mca
c

2-pm diode (small dot in center), ohmic
contact establishing connection to the n*
layer of the diode, and two metal strip
contacts. o LAYER

MIXER
JUNCTION

HIGH-RESISTIVITY
GaAs

The geometry of the device is shown in Fig.1V-4, together with a scanning electron micro-
graph of the completed device. To fabricate this structure, two layers of GaAs are epitaxially
grown on semi-insulating substrates in a hydrogen transport AsCl3 vapor-phase system. The

first layer (n+) is 3 pm thick and has an n-type concentration of 1 X 1018 cm-3. The top layer (n)

is 0.5 um thick and has a concentration of 1 X 1017 cm-3. Sulfur (HZS) is used to dope both
layers. Selective Set-ion implantation is then used to decrease the specific resistance of the
Au-Ge alloyed ohmic contact. After the formation of the ohmic contact, the diode and ohmic
contact areas are shielded by gold, and the wafer is proton bombarded converting the n and o
layers to high-resistivity material in the bombarded regions. The sputter-deposited Pt/GaAs
Schottky barrier is approximately 2 um in diameter. Each device is contacted by means of a
stripline overlay pattern. A photograph showing an array of these devices on a completed wafer
is shown in Fig.IV-5,

The forward current-voltage relationship of a typical device is shown in Fig.IV-6. This
characteristic is quite similar to those of conventional Pt/GaAs diodes, with the knee of the non-
linear region occurring at approximately 0.7 V. The n-factors of these devices (describing the
deviation from ideal Schottky slope parameters) range from 1.2 to 1.4.

In preliminary experiments, a wafer fragment containing a number of diodes was placed on

a probing apparatus under a microscope so that selected diodes could be contacted while being
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Fig.IV-5. Array of planar, surface-oriented diodes on GaAs wafer.

Fig.1V-6. Forward I-V characteristic
of typical planar diode.
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viewed optically. Various focusing arrangements were used to direct klystron or laser radia-
tion onto the desired spot. In this manner, a responsivity of 40 V/W was obtained at 4 mm, and
about 1 V/W at 337 um. These rudimentary results do not allow distinction between intrinsic
frequency rolloff of the diodes and variations in coupling inefficiencies at different wavelengths.

In order to determine the fast-response capability of the diodes (i.e.. demonstrate the non-
linear interaction of high-frequency currents in the device), a number of mixing experiments
were carried out. A single device was used which was thermo-compression bonded to a strip-
line on an alumina substrate. First, a carcinotron with an output frequency at 333.95 GHz was
mixed with the 5th harmonic of a V-band klystron operating at 66.79 GHz to produce a 20-MHz IF.
The S/N obtained was greater than 30 dB. Next, beats were observed, again at a 90-MHz IF,
between the 9th harmonic of a 74.24-GHz klystron signal and the 2nd harmonic of the carcinotron
operating at 333.95 GHz. Mixing thus occurred at a frequency of 668 GHz.

Because of their topography, these diode devices can be fabricated in large numbers on
single wafers which can be readily integrated with various forms of strip transmission line
circuitry. Some of these concepts have already been successfully demonstrated in the case of
the thin-film metal-oxide-metal structures.8 In addition to stripline antennas, numerous other
circuit elements can also be integrated with these devices either in a hybrid or monolithic
fashion. Projected applications of this device involve their use in integrated circuit arrays
which are required for large-area coherent detectors and submillimeter imaging devices. Pre-
liminary development of simple antennas and arrays is in progress.

R. A. Murphy C.D. Parker
C. O. Bozler H. R. Fetterman

B. J. Clifton J. P. Donnelly
W. T. Lindley P.E. Tannenwald

D. DOUBLE-RETICLE METHOD OF ELIMINATING REPEATED

DEFECTS IN MASKS

Quantitative measurements have been made of photoresist line width as a function of expo-
sure time for the double-reticle technique9 used to eliminate faults in chromium-coated master
masks which arise from particulate contamination or emulsion defects in the 10X reticle. In
this technique, the mask is exposed in the step-and-repeat camera with a reticle having nominal-
sized geometries, and re-exposed with a second reticle having slightly oversized geometries.
These measurements have been compared with similar measurements for the conventional
single -reticle method in order to determine the effect on line width of exposing the mask with
a second reticle.

Typical exposure-time test results for the single- and double-reticle methods are shown
in Fig.1V-7, where each reticle has been exposed for the indicated length of time. (All experi-
ments in this report were performed on photoplates coated with 0.1 um of AZ 1350 photoresist.)
The optimum exposure time is less for the double-reticle case because some light from the
oversized reticle finds its way into nominal-sized patterns from diffraction and scattering in the
optical system, and from scattering and reflection from the chromium as shown in Fig.IV-8.
The effect of reflection from a chromium coating can be determined by using low-reflective
(black) chromium in order to minimize this source of stray light. The use of black chromium
was found to reduce significantly the effect of scattered and diffracted light, as shown in the
resist line width vs exposure-time curves of Fig.IV-9. For other photoplate materials the
effects of scattering and diffraction can be determined from similar experiments, and the ex-

posure time can be adjusted accordingly.
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Fig.Iv-9. Effect of second reticle on E‘”'
photoresist line width for black-chromium SINGLE RETICLE
photoplates. Optimum exposure time is & | -
reduced 18 percent. Normal reticle has 2 TTTTNU
33.5-um lines, and oversized reticle has %'w_ - DOVBLE RETICLE
84-pm lines. : )
L
| K
2.0 : ) 1 1
0.5 1.0 1.9 2.0

EXPOSURE TIME FOR EACH RETICLE (sec)

Also, we have observed that the total exposure time required depends upon the order in
which the two reticles are used (as shown in Fig.IV-10). The 0.2-pm difference in line width
between the two curves for a 3.4-um line is a significant fraction of our line-width tolerance
of 0.5 pm. In order to eliminate this source of line-width variation, we always expose the
two reticles in the same order. Exposing the normal reticle first requires a longer total expo-
sure time than the reverse order of exposure, and consequently more consistent line widths
because longer exposure times are easier to control.

The double-reticle technique with one nominal and one oversized reticle has limited use-
fulness for masks with small clear spaces such as those found on high-density positive or nega-
tive masks. Some 10X reticles have a significant fraction of their total area covered with clear
areas smaller than the 50 pm of total overhang necessary for successful application of this
technique. Therefore, we have tried oversizing both reticles by a much smaller amount. The

results of such an experiment are shown in Fig.IV-11 for exposure of a 4.0-um line. The curves
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Fig.1V-10. Effect of order of exposure on Fig.I1V-11. Exposure time curves for
photoresist line width for 3.4-pm line on double exposure on black chromium
chromium. Difference in line width is with same reticle. Top curve is for
0.2 um or 6 percent. Lines on oversized single exposure of 40-pum lines on ret-
10X reticle are 51 pm wider than those on icle. Bottom curve is for double expo-
normal reticle. sure of 45-pm lines. Reduction in

optimum exposure time is 28 percent.
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in this figure correspond to the curves in Figs.IV-7 and IV-9, except that in this case both ret-
icles have been oversized by 5 pm instead of one by 50 um. Note that the optimum exposure
time is reduced by 28 percent for black chromium, which is comparable to the situation depicted
by Fig.IV-7 for plain chromium.

The double-reticle technique with one oversized reticle has become a standard procedure
for any of our work which requires reticles with unusually large clear areas. We have also
fabricated successfully a limited number of masks using the technique of two slightly oversized
reticles (see Fig.IV-11). We have almost eliminated the problems associated with gel slugs,
and reticle cleaning is much less tedious. This technique tolerates a reasonable number of de-
fects and particulates, and only the edges of the geometries on the normal reticle need be defect
and contamination free. Although all the data presented here have been for exposure of AZ 1350
positive photoresist, the basic principle is also applicable to emulsion and negative photoresist.

However, the reader is cautioned not to attempt to draw more detailed quantitative conclu-
sions from the data presented here because of the fact that these experiments were performed
on a variety of different reticles with different feature sizes.

D. L. Smythe
T. O. Herndon (Group 23)
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V. SURFACE-WAVE TECHNOLOGY

A. BISMUTH GERMANIUM OXIDE (BGO) REFLECTIVE-ARRAY COMPRESSORS

A second pulse expander/compressor subassembly for the MASR (Multiple-Antenna
Surveillance Radar) system has been successfully fabricated. Delivery of this subassembly
completes a two-phase program to develop dispersive delay lines on BGO in the RAC (reflective-
array compressor) configuration. In the first phase, a narrowband (2.5-MHz bandwidth) sub-
system consisting of a pulse expander and matching pulse compressor in a component oven was
developed for the baseline MASR system. BGO was selected as the substrate material on which
to fabricate these devices because the low surface-acoustic-wave (SAW) velocity combined with
the foreshortening advantages of the folded RAC configuration allowed the required 125 usec of
dispersion to be obtained on commercially available 15-cm substrates. The material and pro-
cessing problems which were overcome in developing the first BGO RACs have been previously
described.i'2

In the second phase of the program, dispersive delay lines with wider bandwidth (10 MHz)
and larger dispersion (150 usec) were developed for the MASR monopulse system. These de-
vices were incorporated in a single-component oven which also contained the devices previously
developed for the baseline system. The final subassembly for the monopulse system consisting
of six RAC devices mounted in a component oven is shown in Fig. V-1. Included in this total are

Fig.V-1. Component oven assembly
containing two narrowband (2.5-MHz
bandwidth, 125-usec dispersion) and
four wideband (10-MHz bandwidth,
150-psec dispersion) BGO dispersive
delay lines.

]

four wideband (10-MHz bandwidth, 150-psec dispersion) RAC units, namely, a waveform ex-
pander, a pair of pulse-compression lines for the monopulse receiver, and a third wideband
pulse compressor for the ECCM guard channel. The remaining two devices are the narrowband
(2.5-MHz bandwidth, 125-psec dispersion) pulse expansion and compression units. Because the
temperature coefficient of delay of BGO is relatively large (~130 ppm/°C), the component oven
is necessary to stabilize the temperature and the overall delay through the subsystem.
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Fig.V-2. Schematic diagram of RAC. SAW propagation paths
at different frequencies are indicated. Metal film between ion-
beam-etched gratings provides phase compensation by selec-
tively slowing surface wave.

Fig. V-3, Compressed pulse and near-in
sidelobe structure obtained with 10-MHz-
bandwidth pulse expander and matched
pulse compressor. Forreference, center
of figure shows central compressed pulse
attenuated by 38 dB.

Fig. V-4. Compressed pulses obtained
from pair of 10-MHz-bandwidth pulse
compressors operating in parallel chan-
nels. Pulse compressors are precisely
matched in both amplitude and delay. In
this test, common input to both channels
was an expanded pulse obtained from a
single pulse expander.
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RAC devices possess several characteristics which make them attractive for use as

waveform-generation and signal-processing elements in a large-time-bandwidth radar system.
In particular, pulse expanders can generate accurate large-time-bandwidth-product waveforms
with high S/N ratios and low spurious responses, and matching pulse compressors can process
the radar returns to yield high correlation gain, low time sidelobe, and large dynamic range.
The stability of a SAW filter and its simplicity of operation in a pulse-expansion or compression
circuit leads to stable system performance without the need for periodic tuning. In addition, the
devices are small and therefore provide for very compact and lightweight subsystems. Near-
ideal response is obtained from accurately designed RAC filters. The RAC configuration is
schematically illustrated in Fig. V-2. The basic operation of this device has been described
previously.3

The frequency response of the expansion lines is flat across the design bandwidth with a
downchirp impulse response. The matching pulse compressors have an upchirp impulse re-
sponse and are internally weighted to provide a Hamming frequency response. The results
obtained on the more recently completed wideband units are summarized here; some initial
results appear in an earlier repor‘t.4 The narrowband devices are described elsewhere.i'2
Midband CW insertion loss of the wideband RAC devices has been held to near 30 dB in order
to provide pulse expanders with 60-dB S/N ratio and pulse compressors with a dynamic range
of better than 80 dB. Additionally, direct electromagnetic feedthrough, which usually is the
largest source of spurious signals in RAC devices, was suppressed to better than 90 dB below
the input signal level.

Amplitude and phase errors of the individual RAC devices were reduced to low values con-
sistent with design requirements that the remaining residual device errors contribute toward
a worst-case compressed-pulse sidelobe level —35 dB below the compressed-pulse peak. Pulse-
compression tests on cascaded expander and compressor pairs showed that, in general, the
largest sidelobes were those adjacent to the mainlobe and were at the —35- to —38-dB level.
Additional near-in sidelobes (those less than 5 psec from the mainlobe) were less than —40 dB.
This near-in sidelobe structure, characteristic of the wideband devices, is shown in Fig. V-3.
RAC devices have a unique geometrical effect which serves to strongly suppress far-out side-
lobes.5 This effect is evident in the wideband devices wherein the far-out sidelobes (those fur-
ther than 5 psec from the mainlobe) quickly fall off to below —80 dB.

Two of the three wideband pulse compressors installed in each component oven assembly
were selected for use in the monopulse channel. These were matched to provide equal time
delay to the compressed-pulse outputs. To accomplish this, it was necessary to add approxi-
mately 50 nsec of delay by adding a length of semi-rigid coaxial cable to the signal path ex-
hibiting the least time delay. The required lengths of cable are completely contained within
the component oven assemblies. No degradation in compressed pulse sidelobe performance
resulted from these corrections. The matched output waveforms obtained from each of the two
devices designated for use in the monopulse channel are compared with one another in Fig. V-4,
The waveforms are closely matched in both amplitude and time delay.

V.S. Dolat
R.C. Williamson
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